Recent developments in thermoacoustics have shown that the quality factor, Q, of an acoustic resonator can be controlled by establishing a temperature gradient across properly positioned thermoacoustic elements. Quite separate from thermoacoustics, acoustic resonators are used in photoacoustic spectroscopy, where a laser beam, modulated at the acoustic resonance frequency, is partially absorbed, thereby producing sound. The photoacoustic signal is typically measured with a microphone, and is proportional to the laser power, to the absorption coefficient, and to the resonator Q, among other factors. The acoustic signal to noise ratio is proportional to QID. Thermoacoustics can be used to enhance the signal to noise ratio of photoacoustic spectrometers by increasing Q. Measurements and theory are reported for the signal to noise ratio of a photoacoustic cell, with thermoacoustic enhancement, as a function of both resonator Q and the bandwidth of the lock-in amplifier. Regimes where thermoacoustic enhancement is useful are identified. 0 >995 American Institute of Physics.
I. INTRODUCTION
Early photoacoustic investigations were performed by Bell, Tyndall, and Roentgen, though practical applications became widespread with developments in microphonics and lasers.' Many spectroscopic applications have been developed involving gases, liquids, and solids.lq2 Quite separate from Bell were the glass blowers who have known for at least 200 years that when the closed end of a glass tube is heated, and the open end is near room temperature, sound comes out of the open end (i.e., the "glowing glass harmonica")." Rayleigh offered a qualitative explanation for this instability near the turn of the century, though it took until 1969 before a comprehensive theory was developed.3 The glass blower's version of the interaction between heat and sound has become known as thermoacoustics,3 and practical devices that produce sound from heat, or pump heat up a temperature gradient for refrigeration, are now known as thermoacoustic engines.4 Thermoacoustic engines and photoacoustic systems involve similar acoustic resonators; therefore, it is possible to enhance the performance of photoacaustic spectrometers by placing thermoacoustic engines in them. The engines are operated just under the instability threshold so that they become adjustable amplifiers for photoacoustic signals produced in these resonators due to the absorption of light.
When using resonant photoacoustic techniques, the acoustic signal measured is proportional to three quantities; the laser beam power, the acoustic resonator quality factor commonly denoted as Q, and the absorption coefficient. Hence to achieve great sensitivity for light absorption, one ideally uses a high power laser and a resonator with high Q. It has been shown that the resonator Q can be controlled and increased with thermoacoustics.4-'0 The acoustic resonator, with its Q controlled by thermoacoustic techniques, can be viewed as an adjustable analog bandpass filter with resonance frequency fo, bandwidth Af =folQ, gain Q, and signal to noise ratio SNRmQ "2 The purpose of this paper is to . report on this view of the thermoacoustically enhanced photoacoustic spectrometer.
In previous photoacoustic systems" acoustic noise was about two orders of magnitude larger than electrical noise, which indicates that improvements of the acoustic SNR are needed." The reasons for using an acoustic amplifier are to produce a sound pressure that is large enough to be detectable, and to discriminate the desired signal at f. from acoustic noise.12 In principle, one could simply use the acoustic amplifier alone with an oscilloscope to measure the photoacaustic signal. In practice though, phase sensitive detection with a lock-in amplifier can be used to further improve the SNR, so some combination of acoustic amplification and lock-in detection is optimal. Acoustic amplifiers are much less stable than lock-ins because the sound speed and hence resonance frequency depends on temperature. Much of the work presented here explores the limits and stability of acoustic amplification and clarifies the benefits of acoustic amplification. A theoretical model has been developed for the combination of acoustic and electronic amplification, and specific measurements to determine the validity of this model have been made.
Our specific application of thermoacoustically enhanced photoacoustic spectroscopy is the measurement of light absorption by aerosols, though the technique should have broad applications in the field of photoacoustic spectroscopy. A previous attemptI at achieving high sensitivity in measuring light absorption by gases was limited by the coherent signal from window heating. Others'4-'6 have used windowless operation to avoid this problem. Open ports at pressure nodes rather than windows were used. Windowless operation is also possible with thermoacoustically enhanced resonators.
Ii. SIGNAL AND SIGNAL TO NOISE RATIO MEASUREMENTS
A. System descriptian Figure l(a) is a schematic For the resonator with thermoacoustic enhancement. The ratios of the lengths and widths of the elements are the same as in the actual device. Figure I (b) shows an expanded and exploded view of the thermoacoustic elements, along with a block diagram of the arrangement used to measure the SNR. The resonator has a square perimeter to simplify manufacture of thermoacoustic elements. Its length, being one acoustic wavelength, and the speed of sound, largely determine the operating frequency. Holes placed at the nominal locations of pressure nodes at the resonator wall are entrance and exit ports for a laser beam. The laser power is modulated at the resonance frequency so that when light absorption occurs, an acoustic signal will be produced and will be resonance enhanced. The resonance enhancement factor, also known as the quality factor or simply Q, is controlled by placing a temperature gradient across the stack with the heat exchangers. It is usually desirable for the stack to have low thermal conductivity to minimize the heat input necessary at the hot end and heat removal at the cold end.
The resonator is comprised of five parts. The relevant dimensions of each part are given in Fig. I(b) where t, is the length of the air filled portion, R is twice the cross-sectional area to the perimeter ratio, and s1 is the porosity or ratio of open to total volume. The thermally insulated top-end cap was made from a single piece of aluminum. The hot heat exchanger was also machined from a single piece of aluminum. The upper portion of the hot heat exchanger is mostly open except for the solid segments (four total) which have holes drilled through them for insertion of cartridge heaters to increase the temperature of the hot end, and more important, to increase the temperature gradient on me stack. The lower portion of the hot heat exchanger has thin openings made with a slit saw on a computer controlled milling machine. The stack is made of mica strips of thickness 0.1 mm, L = 1.09 cm, and width= 11.6 cm, separated by mica washers of a thickness of 0.38 mm. Holes in the mica strips 6 mm from the ends facilitate insertion of hollow ceramic rods (outside diameter=3.2 mm) for alignment and structural support. Stack strip-to-strip spacing is determined roughly by the requirement that it be on the order of frequencydependent thermal boundary layer thickness.4v5*8 Mica was chosen for the stack material since it is rigid even when very thin, and since its thermal conductivity is less than common metals. A temperature gradient is maintained across the stack to add acoustic power to the resonator, and hence Iower the overall acoustic loss. The choice of stack material determines the h~dkr power that must be delivered Lo the hot heat exchanger and removed at the cold heat exchanger to maintain a particular stack temperature gradient. The cold heat exchanger was fabricated in the same way as the hot heat exchanger, though the fins for heat transfer were of length L =0.34 cm. Fluid flows through the four holes for heat exchange. The cold heat exchanger is followed by a section of resonator made of aluminum, with square perimeter. Flush mounted on the bottom plate are both a 2.54-cm-diam mi-crophone and a 2.7-cm-diam piezoelectric disk used as a sound source. The resonator was designed using the version of thermoacoustic theory given in Ref.
5. This theory and numerical model have been validated in experiments involving the stack instability temperature gradient with helium gas as the operating fluid.8 A temperature controller was used to maintain the hot end temperature to within +-0.1 "C of the set point temperature by controlling the current through the cartridge heaters. Temperature measurements were performed with type J thermocouples that were inserted 1 cm into holes drilled in the heat exchangers. The lower portion of the resonator from the cold heat exchanger to the bottom plate was wrapped with tubing for fluid flow to maintain its temperature to within to.1 "C of the fluid bath set point. Temperature control of the resonator is vital to prevent the resonance frequency from drifting due to sound speed changes of the gas in the resonator. The temperature is monitored by another thermocouple (not shown in Fig. 1 ) which was placed 2 cm into the resonator at the lower pressure node.
Figure l(b) shows a block diagram of the arrangement used to measure the signal to noise ratio. Though the digital lock-in amplifier has a built-in oscillator, it was necessary to use a function generator as an oscillator for the lock-in amplifier to improve the capability for small frequency increments which are needed when the bandwidth of the resonator is very narrow. The oscillator signal was added to white noise at the mixer, amplified, and delivered to the piezoelectric disk, resulting in sound generation in the resonator. The signal from the adjacent microphone was sent to the lock-in amplifier. The function generator was used to perform frequency sweeps to determine the resonance frequency, f,,, quality factor, Q, and pressure magnitude at resonance, P,= Pcf=fo). The quantities were obtained by fitting the measured pressure magnitude 1 Pcf ) 1 as a function of frequency f to the following equation:17
(1)
The process can be simplified by squaring and inverting the measured frequency response and using a polynomial fitting routine with the inverted version of Eq. (1).
The white noise generator served as a well-characterized noise source for performing SNR measurements. Once the resonance frequency is determined, the oscillation amplitude is reduced by a factor of 40, 'and the SNR at resonance is measured as a function of the lock-in amplifier bandwidth (or time constant). The lock-in amplifier measures noise by providing the mean average deviation of the signal. The lock-in needs a settling period of 150 times its time constant for the mean average deviation algorithm to produce a reliable estimate of noise in addition to the usual settling time of 20 lock-in time constants plus the resonator time constant (defined below) for signal level measurements.
The pressure magnitude at resonance, P,, is proportional to, among others, the resonator Q, and the coupling coefficient for the sound source with a particular mode. In- deed, at resonance, absorption of a modulated laser beam by aerosols or gases as the sound source measured at the microphone position in Fig. 1 is given by'
where j3 is the sought-after absorption coefficient given in dimensions of reciprocal distance, P, is the Fourier component of the laser beam power at fc, y is the ratio of isobaric and isochoric specific heats for the gas in the resonator, D and H are the resonator width and node to node spacing, respectively (see Fig. l) , and A,,=D' is the resonator area in cross section. The negative sign occurs in Eq. (2) because the absorption-induced pressure increase near the resonator center is 180 deg. out of phase with pressure at the microphone location.
B. Signal measurements Figure 2 shows the measured dependence of quality factor Q on stack temperature difference. The resonance frequency is f,,=470 Hz?5 Hz, with variation largely due to the temperature and hence sound speed changes at the cold end. As the temperature difference changes from 0 to 176 "C, Q increases by more than two orders of magnitude from 136 to 16 350. By comparison, an empty resonator of a length of 74 cm, which is a good approximation for the sum of the lengths in Fig. 1 , has a calculated Q=348. Figure 3 shows the acoustic pressure as a function of frequency near resonance for no stack temperature difference, and for a stack temperature difference of 169.6 "C, which gives a stack temperature gradient of 15.6 "C/mm. The measured points are indicated by symbols and the solid curve is a fit to Eq. (1). It is clear from Fig. 3 that as the stack temperature gradient increases, the resonator bandwidth narrows, and P, and Q increase. Figure 4 shows that indeed P, is linearly proportional to Q as given by Eq. (2), since when P, is expressed in dB, and the Q axis is logarithmic, a straight line is expected. In summary, the collection of Figs. 2-4 show that Q can be controlled by thermoacoustic enhancement and that the acoustic pressure at resonance is proportional to Q. A Rev. Sci high signal level is desirable from the viewpoint of producing a measurable signal at the microphone location.
C. Signal to noise ratio measurements
The objective in SNR measurements is to study the influence of incoherent acoustic noise on the SNR. Incoherent acoustic noise may result from ambient noise, especially in windowless operation.'4-'" The ultimate lower limit for acoustic noise is Brownian fluctuation of the resonator gas,'s18 whose magnitude depends on gas temperature. ' The increase in temperature of the hot end certainly will lead to increased Brownian fluctuation, but considering that the hot end is a small part of the entire resonator and assuming that the maximum temperature gradient is 20 "C/mm, the noise increase is estimated to be <IO%. Both signal, and acoustic noise, N, are resonance enhanced by Q; however, the bandwidth Af =folQ is narrowed as Q increases. The result is SNR= signal/(NAf"*), or SNRmQ "2.
The SNR for the lock-in amplifier and resonator combination is less clear. At one extreme, the lock-in bandwidth, which is inversely proportional to the lock-in time constant, is much wider than the resonator bandwidth, and hence the noise reduction is mainly due to the resonator. At the other extreme, the lock-in bandwidth is much narrower than the resonator bandwidth, so that noise reduction is mainly due to the lock-in. As the resonator bandwidth narrows, the transition to lock-in bandwidth narrowing occurs at higher and higher lock-in time constants. The SNR has been measured for the purposes of observing this transition, for determining the likely operating resonator Q and lock-in time constant values, and for investigating the stability of resonator Q control by thermoacoustic techniques. After all, Fig. 2 indicates that at higher Q, the change of Q with stack temperature difference becomes quite large. Although the variation of Q with temperature is well understood from theory, this variation contributes to what might be called the thermoacoustic noise of the acoustic analog filter.
Figure 5(a) shows the measured SNR as a function of lock-in time constant for Q=136?0.5, fa=469.8 HzZ0.25 Hz, and the zero stack temperature gradient. The values and uncertainties are averages and standard deviations calculated from the experimental data. At low lock-in time constants, SNR has a shallow slope, indicating that bandwidth narrowing is due to the resonator. At a lock-in time constant of about 0.1 s and beyond, the SNR has a steeper slope indicating that bandwidth narrowing by the lock-in dominates.
Figure 5(b) shows the measured SNR as a function of lock-in time constant for Q=3611?240, and a stack temperature difference of 169.6 "C which gives a stack temperature gradient of 15.6 "C/mm, and f0=469.9f0.04
Hz. The relatively larger uncertainty in Q is due to the larger dQldT at higher temperature differences. The relatively smaller un-certainty in f0 at higher stack temperature gradients occurred because the temperature lluctuation at the cold end has been reduced from about 20.5 to 20.1 "C. Note that the SNR is now relatively flat with lock-in time constant to the 1 s time constant. The resonator is predominately determining the SNR for lock-in time constant below 1 s. Note also that the data fluctuation in Fig. 5(b) is greater than in Fig. 5(a) , probably due to the strong influence of slight temperature fluctuations at the higher resonator Q. The frequency response curves in Fig. 3 are part of the measurements reported in Fig.  5 .
III. SIGNAL TO NOISE RATIO THEORY
Both the lock-in amplifier and the resonator can independently improve the SNR by amplifying signal and noise only within their bandwidths. When the resonator and lock-in are put in series, the resonator sends signal and noise within its passband to the lock-in, where, if the lock-in has a narrower bandwidth, further noise reduction will occur. A lock-in amplifier with reference frequency f r first translates frequencies to f-f, so that a signal at f,. now is the dc component. Then the lock-in performs a low pass RC filter with bandwidth Af= l/r where r = RC is the time constant. The lock-in was used with four RC filters in series for the low pass.
The resonator and lock-in are lumped together as one filter in the model. Noise is assumed to be white with random phase so that the total energy from noise when measured within a unity amplitude filter is just the product of noise and the filter bandwidth. All noise is assumed to be caused by a broadband random acoustic source within the resonator. At resonance for the photoacoustic resonator, the expression for the SNR is defined as signal SNRs -= --pm noise Qiv,,&f~' where the combined bandwidth Aft of the lock-m amplifier and photoacoustic resonator is"
Aft= (4)
The first term in the denominator of Eq. (4) is just the magnitude of the resonator response function given in Eq. (1) divided by P,,, . The second term in the denominator is the lock-in frequency response. The price of amplification and bandwidth narrowing is in the increased time constant of the system. The combined time constant of the acoustic amplifier and lock-in is TV= l/Af,.
Other variables in Eqs. (3) and (4) are the acoustic white noise injected to the resonator, N,,, AfR , the bandwidth of the acoustic resonator, and AfLI, the bandwidth of the lock-in amplifier. The resonator bandwidth is related to its quality factor Q and resonance frequency f. by This relation can be recovered from Eq. (4) by taking the limit AfLew so that all bandwidth narrowing is performed by the resonator, and then solving for AfR= Af c in this limit. Thus for fixed resonance frequency .fo, Q should be as large as possible to narrow the bandwidth and hence separate signal and noise when the resonator is used alone. Note that the net effect on SNR in this limit is SNRXQ'~ because of the Q dependence of bandwidth AfR , and the canceling of signal and noise amplification by Q. The lock-in time constant and equivalent noise bandwidth Af,, are related by Af,,;grv (6) for a 4 pole RC filter, which can be verified by taking the limit AfR-+m in Eq. (4). and then solving for AfLl=AfC in this Iimit. Equation (3) expresses that both signal P, [see Eq. (2)] and noise are enhanced by resonator Q, though the noise bandwidth Af c will determine the overall noise amplitude. Figure 5 (a) shows the SNR as a function of lock-in time constant as computed for resonator Q = 136 and resonance frequency fo=470 Hz, for which the resonator time constant is llAf,=O.4 s. There is generally good agreement between measured and computed SNR, though for the smallest lock-in time constant the bandwidth is apparently wide enough to capture some noise spectral energy (not accounted for by the model) from the wings of adjacent resonator modes. Temperature changes of the gas in the resonator occur on the order of the longest lock-in time constant in Fig.  5(a) . These changes are an added noise source because the signal amplitude fluctuates as the resonance frequency drifts slightly away from the analysis frequency. Effects of temperature fluctuations of the data are more prevalent in Fig.  S(b) as seen by comparison with the theoretical SNR computed using resonator Q =3611 and fo=470 Hz. The resonator time constant is l/AfR-10 s for this case. Figure 5(a) is a case where the lock-in amplifier is primarily determining the noise bandwidth, though in Fig. 5(b) the resonator dominates. Note in particular that by comparing Figs. 5(a) and 5(b) at low lock-in time constants, the SNR is indeed improved by increasing the resonator Q using thermoacoustic enhancement. It is likely that at long lock-in time constants and high resonator Q, stack temperature gradient variations cause Q and resonance frequency fluctuations which might be called thermoacoustic noise. This noise is likely the cause of the deviation from the theoretical SNR.
IV. DISCUSSION
Figures 5(a) and 5(b) give the deceptive impression that there is nothing to be gained by thermoacoustic enhancement of resonator Q, since at long enough lock-in time constants, the SNR ratio is the same. A more realistic model for the SNR is SNR= PITI QN,,Jaf,+K,icd%ii+h&%-~' where Ntii, is electronic noise produced by the microphone and NLI is the lock-in amplifier intrinsic noise. When acoustic noise is truly small compared with other sources, SNRmQ, since P,K Q, which is a strong statement for the usefulness of thermoacoustic enhancement. In plain terms, the signal level can be driven above the microphone and lock-in noise using thermoacoustic enhancement. A semiempirical fit for the dependence of Q on stack temperature difference, AT, is given by
where Q. is the quality factor for zero stack temperature difference, and (AT),,,,, is the stack temperature difference for instability and hence sound generation by the stack. Values for the fit shown in Fig. 2 are Qo=136 and (ATLXWt= 177.7 C. The form chosen in Eq. (8) was motivated by the short stack approximation for thermoacoustics?*8920 AS usual, Q = OE,torzlWdiss where w=~Q+o, Es,, is the energy stored in the resonator, and Wdiss is the power dissipated. The power dissipated is W,,,=(~+W,,,,-Wgen where kinetic energy is dissipated through gas viscosity, potential energy is dissipated through gas thermal conductivity, and thermoacoustic power Wgen is generated by the stack. Equation (8) is a consequence of W senmAT, and introduction of the fit parameters.
Temperature drift of the gas in the resonator due to imperfect temperature control will cause the Q to change and the analysis frequency to shift away from the resonance frequency. 
Thus for a given Q, the variation of Q with respect to stack temperature differences can be minimized by making Q, as large as possible, and making ear),,,,, large. Both of these conditions are fulfilled by using a stack with plate spacing much wider than the boundary layer thickness, though eventually the stack spacing becomes so large that to obtain any Q increase at all requires prohibitively high hot end temperatures.
The variation of Q with stack plate spacing has recently been explored using a comprehensive thermoacoustic theory." This work shows that Q(AT) has a relative maximum when the stack plate spacing is on the order of the gas thermal penetration depth and AT is sufficiently large, and that Q(AT=O> moderately increases with increasing plate spacing for plate spacing larger than optimum. The onset temperature difference (AT).,, is a relative minimum for the same stack plate spacing that gives high Q for AT<(AT)..,,,.
For narrower stack spacing, (AT),,,,, increases and Q( AT= 0) strongly decreases.
Equation (2) breaks into four interpretable and somewhat related terms. The ratio Q/f, is proportional to the resonator time constant [Eq. (5)], so P, is large when sound waves from the distant past (i.e., long resonator time constant) are still contributing in phase with the present sound being produced by light absorption. For a resonator with no thermoacoustic enhancement, Q is proportional to the ratio of the resonator volume to dissipative volume associated with heat transfer during compression in the thermal boundary layer, with momentum loss in the viscous boundary layer, and the resonator interior surface area (when, as usual, the boundary layer thicknesses are much less than D). Thus, for an empty resonator in the limit where the dissipative area at the end caps is much less than the dissipative area along the length, Q=R/{S~(y-l)/N,,"2+1]}, where $=Mvf >I 1/2 is the viscous boundary layer thickness, r;l and p are gas viscosity and density, R = D/2 is the resonator half-width, and N,, is the gas Prandtl number. However, for a thermoacoustic enhanced resonator, Q can be viewed as a number that can be increased by increasing the stack temperature gradient. The second term in Eq. (2) indicates that large laser beam power in a small cross-sectional area resonator maximizes P, . The combination of the first two terms in Eq. (2) with the above analysis for Q indicates that P,%l/D for an empty resonator and P,=llD2
for a thermoacoustic enhanced resonator; hence when large P, is desired and small D is available, use of the thermoacoustic enhanced resonator is favored. The third term relates to the amount of gas expansion obtained from a given heat input. The fourth term is 3 1, and comes about because the laser beam passes through the resonator along a diagonal path.
The resonator described in Fig. 1 does not couple strongly to the laser source because of the dependence on l/A, in Eq. (,2). However, this resonator is suitable for use with multipasses~of the laser beam through the resonator. The hot end resonator was placed at the top of the resonator. to strive for convective stability of the gas. It is also theoretically possible to achieve Q control of a radial mode resonate?' though convective stability is not likely. The equations of thermoacoustics can be used to size or frequency scale the resonator design in Fig. 1 . A good approximation for this scaling is that the overall resonator length (the sum of all lengths L in Fig. 1 ) is linearly proportional to the operating frequency, and stack plate spacing is linearly proportional to the thermal or viscous boundary layer thickness. Stack plate spacing thus is inversely proportional to the square root of the overall resonator length.
In speculating on various ways to increase photoacoustic signals, TamI lists acoustic enhancement by means of gasevolution or chemical amplification. Our work has shown that thermoacoustic enhancement can increase photoacoustic signals. The SNR has also been shown to improve when thermoacoustic signal enhancement is used. The quality factor, Q, can be controlled by placing thin plates separated by roughly the thermal penetration depth of the gas in an acoustic resonator in the region between pressure node and antinode. The temperature gradient across the plates is used to adjust the Q, with higher gradients associated with higher Q. The desired photoacoustic signal at the resonance frequency of the chamber, fa, is amplified by Q. The equivalent noise bandwidth for acoustic noise in the resonator, Af, is proportional to fo/Q, which favors use of high Q resonator. The resonator time constant is 4Ql-rf,, . As Q increases, the resonator bandwidth Af narrows, thus increasing the importance of resonance tracking circuitry or algorithms. Temperature control is vital for maintaining constant Q and fo, and hence for reliable, high sensitivity photoacoustic measurements of light absorption by aerosols or gases. "' With Q resonators are desirable in pulsed photoacoustics"" because a single Iaser pulse excites the acoustic resonance and the subsequent decay can be used to determine both the Q and the absorption coefficient. Resonance frequency shifts due to temperature fluctuations in the resonator are much less of a problem for the high-Q pulsed technique in contrast to the continuous wave method where the modulation frequency must be continuously adjusted to stay on resonance?"
The stability of resonator Q against temperature variations is optimized by maximizing both the Q with no temperature gradient on the stack, and the stack instability onset temperature. The ultimate lower limit of acoustic noise is Brownian fluctuation of the gas in the resonator'*'* whose effect is dependent on the ambient temperature. In the present study, Q has been increased by increasing the temperature of the gas in a small region of the resonator, which has the effect of slightly increasing the Brownian noise fluctuation. However, it is also possible to lower the temperature of a portion of the resonator to increase the Q since thermoacaustic enhancement is dependent on a temperature gradient. We speculate that thermoacoustics can be used to improve resonator stability with respect to changes off0 and Q due to temperature variations, perhaps with careful design of the stack plate spacing or with dual stack use. In fact, theoretical calculations for resonator Q and f. show a strong dependence on stack plate spacing R, and the sign of dQldR and dfoldR can be positive or negative." Variations of R have a somewhat similar effect as variations of the temperaturedependent thermal boundary layer thickness of the gas in the resonator. A thorough computational survey of thermoacoustic design with resonator stability in mind is a topic of future investigations. A current research topic is operation of a high aspect ratio {large coupling to laser beam), windowless (low coherent acoustic noise), longitudinal mode photoacoustic cell with Q control provided by a thermoacoustic engine as a side branch.
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